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An DGPS airbormne system in accordance with the present
invention is configured to include a mechanization for
receiving the satellite-specific differential correction values
and integrity information associated therewith. An airborne
integrity monitoring system may then be employed to derive
particular integrity limit values associated with the DGPS
derived position for pilot awareness as to whether or not the
pilot should rely upon the DGPS solution for a precision
landing.
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DIFFERENTIAL SATELLITE POSITIONING
SYSTEM GROUND STATION WITH
INTEGRITY MONITORING

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention is related to differential GPS sys-
tems, and more particularly, to a DGPS system employing
integrity monitoring.

2. Description of the Related Art

Satellite positioning systems, commonly referred to as
elobal positioning systems or simply GPS, are now well-
known in the art. Such specific systems, for example,
NAVSTAR-GPS, are rapidly being used for determination of
the geocentric position of mobile units, such as water and
land vehicles, aircraft and survey equipment, to name a few.

In aircraft, GPS systems are being utilized for navigation,
flight control, and air space control. These GPS systems may
operate independently, or in combination with, among oth-
ers, inertial reference systems or attitude heading reference
systems in order to provide information during an aircratt
flight mission.

Global positioning systems similar to NAVSTAR com-
monly use a GPS receiver, located on a mobile unit, for
receiving satellite information signals transmitied from a
plurality of satellites. Each GPS satellite transmits an infor-
mation signal containing data that allows a user to determine
the range or distance between selected GPS satellites and the
antenna associated with the mobile unit’s GPS receiver.
These distances and knowledge of the satellite positions are
then used to compute the position of the receiver unit using
known triangulation techniques. For example, in the
NAVSTAR-GPS system, a mobile unit with a GPS receiver,
such as an aircraft, detects a pseudo random code contained
in a given GPS satellite information signal and derives
therefrom the “elapsed time” or time delay between the
transmission of the satellite signal and its reception at the
GPS receiver. From this time delay, the GPS receiver derives
the range between the GPS receiver antenna and the satellite,
sometimes referred to as the pseudo range or pseudo range
measurement. Herein, the GPS receiver’s position, or the
mobile unit’s position, generally refers to the corresponding
antenna position.

In addition, as part of the NAVSTAR-GPS system, each
satellite information signal also contains precise ephemeris
data and course almanac data which both describe the
corresponding satellite orbital trajectory in earth centered
space as is well known in the art. The coordinates of the
satellite’s orbital position at the transmission time may be
derived from either the ephemerns data or the course alma-
nac data. The geocentric position of the satellite may be
calculated with a higher degree of precision from the ephem-
eris data than is possible with the almanac data as 1is
well-known

It should be understood that the mobile unit’s three-
dimensional geocentric position coordinates are referenced
to the World Geodetic Coordinate System. Herein, it should
be recognized by those skilled in the art that the World
Geodetic System is an earth-centered, earth-fixed geocentric
coordinate system, which may be converted to any other
coordinate system as required by the user. Sometimes the
aforementioned coordinate system is referred to as the
WGS84 earth-centered, earth-fixed, rectangular coordinate
frame. Herein, the World Geodetic System Coordinates
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2

should be presumed, and position refers to this three di
sional WGS84 coordinate system.

In order to determine the position of the GPS receiver
unit, a minimum of four satellite signals are required, rather
than the expected three. This is so, since the GPS receiver
includes a receiver clock which is not as accurate as the
atomic clock of the satellites. Therefore, receiving satellite
information signals from four different satellites provides a
complete solution which permits the correction of any
receiver clock error as is well understood 1n the art. Herein,
the corrected receiver clock time is referred to as the receiver
time. Thus, if signals from four or more satellites are
available to the GPS receiver unit, the geocentric position of
the receiver may be determined within approximately one-
hundred meters of its “true” geocentric position. Herein, the
receiver position derived by the triangulation techmigque
using data from multiple satellites is referred to as the
“estimated position”. The accuracy of the estimated position
of the receiver unit is dependent upon many factors incluc-
ing, among others, atmospheric conditions, selective avail-
ability, and the line of sight view of the satellites.

Although the satellite positioning system referred to as
GPS is by far the most accurate global navigation system
ever devised, its accuracy can be boosted using a technique
called “differential GPS”, sometimes referred to as “DGPS”.
DGPS can achieve measurement accuracy better than a
meter. Differential GPS has been widely used in surveying
applications, and now its use is being developed for aircraft

approach and landing applications.

With regard to the latter, GPS systems standards have
been developed by the RTCA Inc. (formerally called Radio
Technical Commission for Aeronautics) in association with
aeronautical organizations of the United States from both
government and industry. The RTCA has defined perfor-

mance requirements for a DGPS system as particularly
identified in Document No. RTCA/DO-217, dated Aug. 27,
1993; and for GPS performance requirements for navigation
equipment as particularly identified in Document No.
RTCA/DO208, dated Aug. 27, 1993, both of which are

incorporated herein by reference thereto.

As is well understood in the art, a ditferential GPS system
incorporates a reference or “ground station” which inciludes
a GPS receiver’s antenna installed at a surveyed site. The
geocentric position of the GPS receiver is known from
surveying techniques. The GPS ground station receiver
determines pseudo range values between the receiver and a
plurality of satellites. Since the position of the satellite 1s
derived from the satellite data associated with the satellite
signals, and the position of the receiver is also known, a
calculated range value therebetween may be determined for
each of the tracked satellites. In turn, the difference between
the measured pseudo range value and the calculated range
value for each of the tracked satellites may be determined.
This difference is commonly referred to as the “differential
correction”. The differential correction value is essentially
the pseudo range error between the “observed” or “mea-
sured” pseudo range value derived from the satellite signal
travel time and the calculated range value between the
antenna’s position and corresponding satellite position.

The motivation for differential operation is that many of
the largest GPS error sources, such as selective availability
and ionospheric effects, are common to two or more receiv-
ers operating in spatial and temporal proximity, since these
anomalies affect the satellite signal travel time. These error
sources can be nearly eliminated in the differential mode, by
determining and applying the differential correction value or

1CT1-
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pseudo range error for greatly enhancing performance. A
differential GPS system is shown and described in a publi-
cation entitled, “Design and Flight Test of a Differential
GPS/Inertial Navigation System for Approach/Landing
Guidance”, Navigation: Journal of Institute of Navigation,

Summer 1991._. Vol. 38, No. 2, pp 103-122, incorporated
herein by reference thereto.

As described therein, these differential corrections may be
transmitted, by any data link technique, to a mobile unit
which incorporates a GPS receiver and associated antenna
experiencing substantially the same errors in the pseudo
range observed values for the same tracked satellites as the
ground station receiver. Accordingly, the mobile unit’s
pseudo range observed values may be corrected by the
differential corrections for a more precise determination of
the geocentric position of the mobile unit. It should be noted
that the accuracy of the corrections is somewhat dependent
on the proximity of the mobile unit relative to the ground
station.

Although differential GPS ground stations have advanced
the art of GPS for some applications, there is a need for a
differential GPS ground station with enhanced integrity,
continuity, and availability as particularly identified in the
aforesaid RTCA publication.

SUMMARY OF THE INVENTION

An object of the present invention 1s to provide integrity
information associated with a DGPS ground station which
may be incorporated by an aircraft for a precision landing
system.

In the present invention, a plurality of DGPS receivers are
employed to determine receiver-satellite-specific differential
correction values. In turn, satellite-specific differential cor-
rection values are determined as an average of the individual
recetver-satellite-specific differential correction values for
each of the tracked satellites. A discriminator is employed
for determining a receiver-satellite-specific discriminant
value which may be sampled to allow subsequent determi-
nation of a receiver-satellite-specific statistical value
thereoi. A discriminator value, computed as the differences
between each receiver-satellite-specific differential correc-
tion and the average satellite-specific differential correction,
1s compared to a detection threshold. The detection threshold
1s set based on statistical values that have been determined
using previously collected receiver-satellite-specific dis-
criminant values. The receiver-satellite-specific statistical
are also utilized for obtaining other integrity information
associated with each of the satellite-specific differential
correction values. The ground station further includes a
means for communicating the satellite-specific differential
correction values and integrity information associated there-
with to a DGPS airborne receiver.

A DGPS airborne system in accordance with the present
invention 1s configured to include a mechanization for
receiving the satellite-specific differential correction values
and 1ntegnity information associated therewith. An airborne
Integrity monitoring system may then be employed to derive
particular integrity limit values associated with the DGPS
derived position for pilot awareness as to whether or not the
pilot should rely upon the DGPS solution for a precision
landing.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1B is a block diagram illustrating a prior art
GPS signal receiver.
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FIG. 2 is a block diagram illustrating a prior art ground
station differential GPS system and an airborne differential
GPS system.

FIG. 3 is a schematic diagram 1llustrating a DGPS ground
station system 1n accordance with the present invention 1in
conjunction with an airport runway.

FIG. 4 1s a block diagram illustrating the differential
correction processing function of FIG. 3.

FIG. 3 1s a tunctional block illustrating a ground station
integrity monitoring system in accordance with the present
invention.

FIG. 6 is a block diagram illustrating an airborne DGPS
signal receiver system in accordance with the present inven-
tion.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Illustrated in FIG. 1 1s a prior art GPS signal receiver 100
having an associated receiving antenna 102. Herein, the
acronym ‘‘GPS” generally refers to any satellite-based posi-
tioning system wherein each of a plurality of satellite
vehicles employs a transmitter for transmitting a satellite
information signal from which a user may determine the
users position derived irom a satellite information signal
transmitted from at least four satellite vehicles. Such satel-

lite-based positioning systems include at ieast those com-
monly referred to as “GPS” and “GLONASS”.

The prior art GPS signal receiver 100, as well understood
in the art of satellite positioning systems, 1s always coupled
to a GPS receiving antenna, and serves to determine the
actual position of the receiving antenna. Herein, the position
of the antenna will be assumed even though phraseology
may incorporate the use of the “position of the receiver” or
“user position”,

As 1llustrated in FIG. 1, the primary components of GPS
signal receiver 100 are satellite signal receiving means 110
for receiving the transmitted satellite information signals,
and satellite signal tracking and information processing
means 120 which serves to decode all of the information
contained 1in the satellite information signal in accordance
with those standards specified by a particular satellite posi-
tioning system, for example, those specified by the U.S.
Department of Defense with regard to the satellite position-
ing system commonly referred to as “GPS”. More particu-
larly, satellite signal tracking and information processing
means 120 generally includes hardware/software for decod-
ing (1) satellite-specific coded information associated with
ecach transmitted satellite information signal received by
signal receiving means 110, (i1) selected coded information
(gold code) from which each satellite information signal
transit time may be derived, and (1i1) selected carrier signal
parameters assoctated with each satellite information signal
(e.g., frequency, phase, etc.) as received by satellite infor-
mation signal receiving means 110. The aforesaid informa-
tion 1s depicted in FIG. 1 by receiver-satellite-specific infor-
mation block 130, receiver-satellite-specific measurement
information block 140, receiver-satellite-specific carrier sig-
nal measurement information block 150, respectively.

Associated with block 130 is the common receiver-satel-
lite-specific information, including, but not limited to Sat-
ellite Trajectory Data (commonly, the emphemeris data),
and:

SVID=satellite vehicle identification number,

IOD=issue of data (satellite clock time at time of trans-
mission of the information signal), and
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)
Toe=time of applicability.
Receiver-satellite-specific  measurement information
block 140 represents generally, the information derived from

coded information coded onto the carrier signal of the
satellite information signal, namely:

t, =receiver-specific measurement time,
P"=pseudo range value, and
S/No=receiver signal to noise ratio

R__"(t )=satellite position at the receiver measurement
time calculated from the satellite trajectory informa-
tion.

Receiver-satellite-specific carrier signal measurement
information block 150 is representative of the information
derived from the carrier signal characteristics of each of the
satellite information signals, and includes, among others:

f=satellite information signal frequency as observed by
the receilver,

¢=phase measurements at the receiver,
AP=delta range value,

Doppler-Shift=change in frequency of the carrier signal as
observed by the receiver between two close points in
time, and

Integrated carrier count=count information which repre-
sents the phase change of the received satellite-specific

information signal observed by the receiver between

two close points 1n time.

Before proceeding, it should be understood that each
measurement derived from the received or tracked satellite
information signal is valid for a specific receiver measure-
ment time. For multi-channel receivers, e.g. 12 channels, the
GPS signal receiver may provide concurrent measurements,
specifically receiver-satellite-specific pseudo range values
and delta range values, and other information as atoresaid.
However, for this data to be useful, all of this data must be
related to the common receiver-specific measurement time
“t,,”. Different GPS signal receivers, even though they may
be tracking the same satellite vehicles, may have a different
receiver-specific measurement time primarily because of
different internal clock times, noise factors, and possible
multi-path effects. In the following exposition, and particu-
larly the mathematical expressions which follow, it should
be assumed that information derived from a particular
satellite information signal by a particular receiver will have
associated therewith an implied receiver-satellite-specific
measurement time t_ even though not expressed.

The GPS signal receiver 100 as briefly described above 1s
commonly available and provided by such manufacturers as
Honeywell Inc., Trimble, Novaltel, and Collins Radio,
among others. GPS signal receiver 100 as described 1s
generally embodied by sophisticated analog circuits and
subsystems, digital networks, and computational devices
including, among others, microprocessors, computers, and
the like. As is well understood in the art, computational
devices specifically embodied in the GPS signal receiver
100 may also be part of other subsystems for providing
multiple or multiplexed tasks for other operations as is well
Known.

Further illustrated in FIG. 1 is a block diagram illustrating
further functions commonly associated with the GPS signal
receivers of the prior art. First, thereshown is carrier smooth-
ing block 160 responsive to the pseudo range value P" and
the delta range value oP, thereby providing a “‘camer
smoothed” pseudo range value P™” as described in a publi-
cation entitled, “GPS Doppler Processing for Precision
Positioning in the Dynamic Application”, by Jarad Ashjaee,
Nov. 1985, IEE Oceans Conference. It should be noted,
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6

however, that the function of carrier smoothing may be
performed in other subsystems as described.

GPS signal receiver 100 may also include user-position
processing identified by block 170 responsive to pseudo
range values, or the carrier smoothed pseudo range values as
illustrated in FIG. 1, from a plurality of satellites for
determining the user’s position U(X,y,z) by triangulation as
is well understood in the art. In turn, position solution matrix
processing may be incorporated as identified by block 1735 to
provide a position solution (least square) matnx S g e[ 4XN]
which 1s used to obtain the user’s position relative to all of
the acquired satellite information signals, where the four
dimensions represent the three axes of the coordinate refer-
ence frame and time, as i1s well-known.

The GPS signal receiver 100 may also include further
refinements including an azimuth/elevation block 180 and
tracking monitor 190. Azimuth/elevation block 180 may
serve to first determine the azimuth/elevation angle of each
of the tracked satellites relative to the user’s position for
subsequent determination as to whether or not the satellite
information signals should be used, or not, based on mini-
mum elevation angle selection criteria, commonly, 5°.
Tracking monitor 190 may be included to provide an array
of information indicating which of the satellites, by satellite
vehicle identification number, “n”, 1s considered to be an
“acquired” satellite, or a “lost” Satelhte based on the azi-
muth/elevation angle selection criteria, signal reception, if
any, or other criteria, as imposed by the user, generally
embodied in software/firmware.

Again, referring to FIG. 1, GPS signal receiver 100
provides, as outputs, the receiver measurement time t,, the
satellite vehicle identification number, hereinafter referred
to as simply “n”, the satellite position R¢,,(t,,), the pseudo
range value p”, whjch may be carrier smoothed as aforesaid,
delta range AP, as well as the GPS signal receiver (user)
position U(X,y,z), and corresponding position solution
matrix S ECEF- These measurements may be further
employed in a differential GPS system as will briefly
described herein, and also described in a publication entitled
Design and Flight Test of a differential GPS/Inertial Navi-
gation System for Approach/Landing Guidance, Vallot et al.,
Journal of the Institute of Navigation, Vol. 38, No. 2,
Summer 1991.

The GPS signal receiver 100 briefly described above may
be employed in a differential GPS (DGPS) aircraft landing
system as particularly illustrated in FIG. 2. The system
illustrated in FIG. 2 is similar to that as generally described
in U.S. Pat. No. 4,894,655, entitled “Landing Assistance
System Using Navigation Satellites”, issued to Jognet et al.,
and U.S. Pat. No. 5,361,212, entitled “Differential GPS
Landing System”, issued to Class et al.

Referring to FIG. 2, thereshown is a DGPS ground station
200 and a DGPS airborne system 250, the latter being
intended to be part of an aircraft flight control and/or

navigation guidance system. Both DGPS ground station 200

and DGPS airborne system 230 each include a similar
functioning GPS signal receiver 100, like that of FIG. 1, and
are such that when the DGPS airborne system 250 is in
proximity to the DGPS ground station 200, for example
within 50 miles of the ground station, their respective GPS
signal receivers 100 will generally track a common set of
satellite vehicles, for example, SV', SV? . .. SV". The
superscript “n’”, herein, refers to specific tracked ones of the
constellation of “N” satellite vehicles of a particular satellite
positioning system.

DGPS ground station 200 further includes differential
correction processing designated by block 210, an up-link
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transmitter 220, and transmitting antenna 222. Differential
correction processing block 210 generally includes a calcu-
lated range processing block 212 for determining receiver-
satellite-specific calculated range values X™ as a function of
the difference between the known surveyed position of GPS
signal receiver 100 associated with ground station 200,
represented by G(x,y,z), and each of the tracked satellite
positions, provided by GPS signal receiver 100 and repre-
sented by Re,- as 1s well understood.

In tum, differential correction calculation block 214 is
operative for determining a satellite-specific differential
correction value C,,_,", as a function of the satellite specific
pseudo range value P" and the calculated range value X",
and the estimated receiver-specific offset or clock bias (not
shown) as 1s well known. These satellite specific correction
values C, _," are transmitted to the DGPS airborne system
through up-link transmitter 220 and antenna 222.

As 1s well understood in the art, all GPS signal receiver
measurement values have a receiver-satellite-specific mea-
surement time, t,, associated therewith. Further, it should be
noted that the subscript “wob’ implies that the GPS signal
recelver clock bias has been taken into consideration. That
15, the differential correction value has been adjusted for any
error caused by clock bias. Hereafter, the satellite-specific
differential correction values C,,,,” will be represented by
C".

Again referring to FIG. 2, DGPS airbome system 250 is
illustrated as generally including a DGPS signal receiver
252 and a flight guidance system 284 which includes lateral/
vertical deviation processing block 285 and glide path
information block 288. DGPS signal receiver 252 includes
a GPS signal receiver 100, like that of ground station 200.
DGPS signal receiver 252 further includes pseudo range
correction processing indicated by block 260.

Airborne system 250 further includes differential correc-
tion information receiver 290 operative for receiving the
satellite specific correction values C”, and in turmn provide
them as information to pseudo range correction processing
block 260 as is indicated by data signal line 296.

DGPS signal receiver 252 1s operative for providing the
airborne user position A(X,y,z) and the position solution
matrx Sgpceprl4XN], indicated by outputs 254 and 256,
respectively. This information 1s based on the measurement
information provided by the airborne GPS signal receiver
100 corrected by the differential correction data C”, and may
be generally derived by widely known Kalman filtering
techniques as well as least square type algorithms, and the
like.

Airborne flight guidance system 284 is intended to be
responsive to the DGPS derived aircraft position A(x,y,z)
and the position solution matrix Sy z-[4XN] provided as
outputs of DGPS signal receiver 252 for providing an
indication of any deviation between the aircraft position and
an 1intended position, for example along a runway precision
approach glide path. This is illustrated in FIG. 2 by lateral/
vertical deviation processing block 285 intended to provide
the appropriate lateral/vertical deviation error signals to an
auto-pilot 289 so as to cause the aircraft to descend along a
prescribed glide path provided by glide path information
block 288. The glide path information 288 may be either
stored in memory, or transmiited to the aircraft from the
ground station as taught in the aforesaid patents, and also
depicted in FIG. 3 by block 390 as will be further described.

Illustrated in FIG. 3 is a schematic diagram illustrating a
DGPS ground station in accordance with the present inven-
tion and intended for employment with an aircraft for a
precision approach landing system at an airport. There-
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shown are a pair of runways 305 and 310. In close proximity
to the runways are three remote GPS signal receivers 100
identified as receivers 100A, 100B, and 100C, substantially
similar to GPS signal receiver 100 of FIG. 1. GPS signal
receivers 100A-C are intended to be spatially located such
that their respective antennas are 1n spaced apart arrange-
ment, being approximately 100 meters from each other, so
as to separately receive GPS satellite information signals at
substantially the same tume.

The use of a plurality of GPS signal receivers for a ground
station, in accordance with the present invention, 1s intended
to insure that a strong multi-path signal affects only one of
the GPS signal receivers. Secondly, if the plurality of GPS
signal receivers for the ground station are properly spaced
apart, the problem of the aircrait, itself, masking GPS
satellite 1information signals from more than one of the
plurality GPS signal receivers during the landing phase of
the flight mission may be avoided, thereby diminishing the
likelihood of a need to abort the landing due to loss of GPS
acquired satellite information signals caused by a loss of a
ground station GPS signal receiver redundancy check.

Further shown in FIG. 3 i1s a differential correction
processing means 300, in accordance with the present inven-
tion, responsive to receiver-satellite-specific information
from each of the remote GPS signal receivers 100A-C, for
deriving satellite-specific differential correction information
and corresponding integrity information, designated by
numerals 310 and 312, which may be transmitted to an
atrcrait or mobile unit by up-link transmitter 220 and
antenna 222, similar to that as shown in FIG. 2. Further
details of the differential correction processing means 300
will be subsequently described with respect to FIG. 4.

Before proceeding, it 1s of paramount importance to
understand that each of the GPS signal receivers 100A,
1008, and 100C, and corresponding anteninae 102A, 102B,
and 102C, respectively, operates totally independent for
deriving “receiver-satellite-specific” information associated
with as many tracked satellite vehicles as possible. In the
exposition which follows, the term “receiver-satellite-spe-
cific” will be used to distinguish that the information is
associated with only one of the GPS signal receiver and
derived from one of the satellite information signals asso-
ciated with a specific satellite vehicle. Similarly, the term
“satellite-specific” will be used to identify information asso-
clated with a specific satellite. Accordingly, in the math-
ematical expressions which follow, it will be assumed that
there are “N” satellites, and “K” receivers. Further, the
mathematical terms may have a superscript pair, which
designates a specific satellite “n”, and specific receiver “k”,
(k=A,B,C, etc. or k=1,2,3) so as to obtain the desired
receiver-satellite-specific information, or the satellite-spe-
cific information.

Ilustrated in FIG. 4 is a block diagram illustrating the
differential correction processing means 300 of FIG. 3 in
accordance with the present invention. Thereshown is dif-
ferential correction processing means 210A receiving inputs
G*, p™* and R,,”* from GPS signal receiver 100A, similar
to differential correction processing means 210 and GPS
signal receiver 100, respectively, as already described with
reference to FIG. 2. Differential correction processing means
210A provides a raw differential correction output value
indicated as C™*. It should be noted here that the measure-
ment time, “t " (here, t,*), is always associated with a
specific GPS signal receiver, 100A, 100B, and 100C, and G*
1s the known geocentric position of the corresponding GPS
signal receiver 100A.

Further, differential correction processing means 300
includes differential correction processing means 210B and
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210C, receiving inputs from GPS signal receivers 100B and
100C, respectively, also being substantially the same as
differential correction processing means 210 and GPS signal
receiver 100, respectively, as already described, and pro-
vides raw differential correction value outputs designated
C™? and C™€, respectively.

Again, it should be noted that GPS signal receivers
100A-C each independently derives measurement informa-
tion as described earlier with reference to GPS signal
receiver 100 illustrated in FIG. 1. In particular, each GPS
signal receiver 100A-C may inherently have a clock time
offset or bias with respect to the atomic clock time of the
satellite vehicles. Secondly, since the GPS signal receivers
are not necessarily tightly synchronized, the receiver-satel-
lite-specific tracking information and the receiver-satellite-
specific measurements may have differing measurement
times “'t,,”

Accordingly, differential correction processing means 300
includes clock bias correction processing means 410 and,
optionally, measurement time synchronization processing
means 420. Clock bias correction processing means 410
provides discrete differential correction values C,, """
which represents the raw differential correction value C™*

without clock bias. In turn, these output differential correc-
tion values are presented to measurement time synchroni-
zation processing means 420.

As indicated earlier, carrier smoothing may be alternately
embodied in subsystems other than the GPS signal receivers
100. In the present invention, carrier smoothing is preferably
embodied in block 300 such that the representation p™* in
FI1G. 4 represents raw pseudo range and delta range mea-
surements; and differential correction processing blocks
210A-C may incorporate the carrier smoothing function
similar to that already described with reference to FIG. 1.

Measurement time synchronization processing means 420
is responsive to the output of the clock bias correction
processing means 410, namely the receiver-satellite-specific
correction values with clock bias removed, namely C,,™*
so as to adjust these values to a common synchronization
time t_, .. As illustrated in FIG. 4, the output of measure-
ment time synchronization processing means 420 1s desig-
nated C™* representing the receiver-satellite-specific differ-
ential correction values with clock bias removed and
adjusted to reflect a common measurement time t,,, .

One example of measurement time synchronization pro-
cessing means 420 is simply determining the median or
average measurement time associated with each of the raw
differential correction values C,,,,”**, and adjusting the raw
differential correction values C, ™%, to the median or
average time, and providing output differential correction
values C™*. This is desirable since associated with each
value of C,_ ,™* is potentially a significant differing
receiver-satellite-specific measurement times, t_* since the

plurality of GPS signal receivers 100A-C are not necessarily

tightly synchronized. On the other hand, if all GPS signal

receivers are able to make measurements at the same mea-
surement time, then the synchronization processing means
420 would no longer be necessary.

Similar to the system of FIG. 2, the purpose of differential
correction processing means 300 is to provide satellite-
specific differential correction information associated with
all of the tracked satellites meeting the selected critena as
aforesaid, and in which the satellite-specific differential
correction information is a function of receiver-satellite-
specific information obtained by a plurality of GPS signal
TECCIVETS.

Accordingly, differential correction processing 300, in
accordance with the present invention, further includes a
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satellite-specific differential correction averaging processing
means 430 for processing the receiver-satellite-specific cor-
rection values C™* so as to derive satellite specific differ-
ential correction average values represented by C7, i.e., the
average of the satellite-specific differential correction Values
observed by each of the three GPS signal receivers 100A-C.
This may be accomplished by a simple average or a selected
weighted average, or the like.

Before proceeding, it should be recognized by the reader
that the configuration of differential correction processing
means 300 illustrated in FIG. 4 may alternatively be
arranged within the scope of the present invention. For
example, each of GPS signal receivers 100A-C may include
the differential correction processing function and clock bias
removal function indicated by designated blocks 210A-C
and block 420. That 1is, each of the GPS signal receivers may
confain the necessary functions for obtaining the receiver-
satellite-specific differential correction values C, ™"
before any time synchronization, if necessary, and averaging
performed by blocks 420 and 430, respectively, or other
general functions as will be further described.

In accordance with the present invention, it is of para-
mount importance for a DGPS landing system, when
employing DGPS as a primary control input for aircraft
flight control, that the integrity of the DGPS derived position
of the aircraft be within prescribed limits, more specifically,
as described by the FAA, CAT-I requirements. Reference is
hereby made to the following RTCA publications which
describe requirements for GPS/DGPS systems: (1) Minimum
Operational Performance Standards for Airborme Supple-
mental Navigation Equipment Using Global Positioning
System (GPS), RTCA/DO-208 July 1991, Prepared by:
Special Committee-159, and (i1) Minimum Aviation System
Performance Standards DGNSS Instrument Approach Sys-
tem; Special Category 1 (SCAT-I), RTCA/DO-217 Aug. 27,
1993, Prepared by: Special Committee-159. Further GPS
system requirements are set forth in a FAA document
identified as: IFR Approval for Differential Giobal Position-
ing System (DGPS), Special Category I, and a technical
Order, Instrument Approaches Using Private Ground Facili-
ties Identified as Order No. 8400.11, Department of Trans-
portation, Federal Aviation Administration, Sep. 15, 1994.
These aforesaid documents are incorporated herein by ref-
erence.

Reference is also made to the The Institute of Navigation
Proceedings of ION GPS-90, September 1990, and more
particularly to a paper entitled, “Implementation of a RAIM
Monitor in a GPS Receiver and an Integrated GPS/IRS”, by
Mats Brenner. The latter mentioned paper describes in detail
a foundation of well accepted techniques for establishing
integrity numbers related to aircraft position based on a GPS
derived position solution. Portions of this paper forms a
foundation of the prior art with regard to the term “integrity”
as used herein.

In order to provide a precision DGPS landing system
having the required integrity, the present invention incorpo-
rates ground station integritly monitoring providing two
distinct integrity monitoring functions. The first is a discrete
data integrity monitoring system intended for deselecting
particular ground station receiver-satellite-specific informa-
tion which is unacceptable, and would contaminate the
resuiting satellite-specific differential correction information
C" obtained by the ground station’s differential correction
processing means 300. The second is ground station integ-
rity information or peformance processing which establishes
satellite-specific statistical integrity parameters related to the
results associated with the satellite-specific differential cor-
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rection information, which may in turn, be transmitted to a
DGPS airborne landing system and utilized in combination
with an airbome integrity monitoring system for subsequent
determination of the integrity of the overall flight control
and/or gutdance DGPS derived drive signals.

The airborne integnty monitoring system in the preferred
embodiment of the invention is intended to establish lateral
and vertical integrity limit values which may be compared to
selected “maximum’ limit values. Based on these compari-
sons, a pilot or automatic control device may decide as to
whether or not to rely upon a guidance signal derived by the
DGPS position solution for controlling aircraft precision
landing, and which ultimately may require a decision to
abort the DGPS landing or use an alternative landing system
or manual technique.

[ltustrated in FIG. 3 is a ground station integrity moni-
toring system 500 associated with the differential correction
processing means for providing integrity output information
indicated by numeral 312 as an input to transmitter 220
intended for subsequent transmission to an aircraft. Details
of ground station integrity monitoring system are particu-
larly illustrated with reference to FIG. 5. As should be
understood by those skilled in the art, the ground station
integrity monitoring functions may be incorporated as a
component part of differential correction processing means
300, however are described herein separately for ease of
understanding the present invention.

Ilustrated 1n FIG. 5 is a block diagram illustrating a
ground station integrity monitoring system 500 in accor-
dance with the present invention. Ground station integrity
monitoring system 500 includes discriminator 510 which
serves to provide receiver-satellite-specific discriminant val-
ues Z™*, and statistical value processing depicted by block
520 which serves to provide receiver-satellite-specific sta-
tistical discriminant values ¢, Integrity monitoring sys-
tem 500 further includes discrete data integrity monitoring
system 540 which serves to provide a detection threshold
value, DT, and a quantification of which receiver-satellite-

specific discriminant value Z™* exceeds the detection thresh-
old value, DT, namely Fail [n,k]. It should be noted that DT
could alternatively be a selected constant value, or a prede-
termined function such as a function of elevation/azimuth,
etc., based on information compiled in block 520 over long
fime periods.

Integrity monitoring system 500 further includes ground
station integrity information processing means 550 which
establishes satellite-specific statistical integrity parameters
associated with the resultant satellite-specific differential
correction information for deriving integrity information
associated with each of the satellite-specific differential
correction average values C™* determined by the satellite-
specific differential correction processing means 300.

As illustrated 1in FIG. 5, discriminator 510 receives as
mnputs (1) the outputs of the measurement time synchroni-
zation processing block 420, and (ii) the output of a differ-
ential correction averaging block 430, namely C™* and C™¥,
respectively. In turn, the discriminator 510 serves to operate
on the aforesaid input values for a determination of a
discriminant value Z™* which, in one embodiment of the
invention, represents the difference between each of the
receiver-satellite-specific correction values C™* and the dif-
ferential correction average value C™*.

Statistical value processing means 520, in the preferred
embodiment of the invention, is operative for determining
receiver-satellite-specific statistical values ¢,* associated
with the corresponding behavior of the receiver-satellite-
specific integrity discriminant values Z™¥, representative of
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the statistical behavior of the integrity discriminant value
Z™* over a selected time interval, for example a 24-hour
measurement period, or weeks of monitoring.

Statistical value processing means 520 may simply be a
mathematical processor for determining the receiver-satel-
lite-specific standard deviation of each of the receiver-
satellite-specific integrity discriminant values Z™* over the
same time period. In turn, the statistical integrity discrimi-
nant value 0, may be employed by both the deselecting
integrity system 540 and ground station integrity informa-
tion processing means 550.

In one embodiment of the invention, discrete data integ-
rity monitoring means 540 includes detection threshold
processing means 544 and comparator 546. Detection
threshold processing means $44 serves to calculate a detec-
tion threshold value DT based on (i) the output of ¢,™*
statistical value processing means 520, and (ii) prescribed
probability limits, as will be described later, and mathemati-

cally expressed by:
Py )
2

Comparator 546 is operative for comparing each of the
integrity discriminant values Z"* with the detection thresh-
old DT and providing an output Fail [n,k] intended to be an
1identification of the particular satellite vehicle transmitting a
satellite information signal received by a particular one of
the ground station GPS signal receivers which yields a
differential correction value beyond selected limits—i.e.,
failling the detection threshold test of the integrity discrimi-
nant value. In turn, the output Fail[n,k] of comparator 546
appropriately provides an input to deselection block 460
iltustrated in FIG. 4.

Referring again to FIG. §, ground station integrity infor-
mation processing means 550 is shown responsive t{o the
statistical integrity discriminant values 6 ,>* and an input K*
indicative of the number of the remaining operative ones of
the GPS signal receivers 100A, 100B, and 100C. In tumn,
ground station system integrity processing means 550 oper-
ates on the statistical integrity discriminant values ¢ ** for
determining satellite-specific integrity information associ-
ated with each of the satellite-specific differential correction
average values C™*. In one embodiment of the invention,
ground specific integrity parameters: D, O, and o,
which are intended to be station system integrity processor
350 1s operative for providing three satellite utilized by an
DGPS airborne flight control system as will be subsequently
described.

As indicated above, the discrete data integrity monitoring
system 540 is intended to provide an indication of which
receiver-satellite-specific  integrity discriminant values
exceed the detection threshold value DT provided by detec-
tion threshold processor 544, Comparator 546 is intended to
output a receiver-satellite-specific deselection matrix Fail[n,
k], which in tum is provided as an input to deselection block
460 as illustrated in FIG. 4. Deselection block 460 then
provides the receiver-satellite-specific deselection matrix
Fail[n,k] as inputs to satellite-specific differential correction
averaging means 430 for eliminating those specific receiver-
satellite-specific correction values C™* which were found to
result 1n failing the detection threshold test from being
considered in the determination of the differential correction
average value C™*.

It should be noted that those correction values C* which
result in a failure to pass the detection threshold test at one
moment—and one satellite constellation configuration, may
be acceptable at other moments. However, deselection block

DTk — G?f'kQ"l (
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460 may also include software for keeping track of a pattern
of behavior of any specific GPS signal recetver which results
in differential correction failures which consistently are
identified as failing the detection threshold, i.e., determining
if particular GPS signal receivers and/or satellites have
continuously produced resultant failures, 1.e. Fail {nk]. In
turn, the failing one may be considered for elimination of
use of any output therefrom, 1.c., “permanently” deselecting
such receivers and/or satellite differential correction infor-
mation, indicate a request for service, and/or issue a notice
of a DGPS ground station failure. This 1s so indicated by
Fail*[n,k].

As illustrated 1n FIG. 3, the deselection matrix may also
be provided as inputs to one or more of the blocks which
comprise the integrity monitoring system 500. Use of dese-
lecting those receiver-satellite measurements and corre-
sponding data values may be advantageous for minimizing
processing time as well as enhance the closed loop process-
ing scheme. That 1is, as illustrated in FIG. 5, the output of
- compartor 540, namely the deselection matrix, is dependent
upon values which were determined based on presumed
valid data. However, after a measurement fails, the average
value of the differential correction is affected, and accord-
ingly so 1s the detection threshold as well as the integnity
parameters. Thus employment of the deselection matrix
provides a very robust integrity monitoring system in accor-
dance with the present invention.

It should be obvious to those skilled in the art that the
three ground station GPS signal receivers provide a fail-safe,
fail-operational system for determining the satellite-specific
differential correction information. Whereas, 1f one of the
GPS signal receivers should fail, fail-safe operation still
would be available pending voter techniques for fail-safe,
fail-operative operation, the details of which are beyond the
scope of the present invention. However, a voter system 18
envisioned as part of a complete fail-safe, fail-operative
system in practice of the present invention.

Illustrated in FIG. 6 1s an DGPS airborne landing system,
similar to that i1llustrated in FIG. 2, but which, 1n accordance
with the present invention, incorporates differential correc-
tion information and associated integrity information there-
with for providing a highly reliable DGPS landing system
capable of meeting CAT-I flight control and landing system
requirements. As illustrated in FIG. 6, the airborne DGPS
landing system in accordance with the present invention
incorporates DGPS receiver 252 which serves in substan-
tially the same manner as that described with reference to
FIG. 2. However, the DGPS airborne landing system 1in the
present invention further includes an integrity monitoring
system 600 and a runway lateral-vertical solution matrix
transformation processing block 610 for matrix transforma-
tion from the usual position solution matrix Sg,zr associ-
ated with the airborne DGPS signal receiver to a runway
lateral/vertical position solution matrix Sg;,. Further, dif-
ferential correction information receiver 290’ is similar to
differential correction receiver 290 illustrated in FIG. 2, but
which includes (i) means for receiving the differential cor-
rection values C" derived from the plurality of GPS signal
receivers 100A-C .4 ~=:cd by output data flow line 296 and
(11) means i cerity information associated
with each = .- -cific correction values C*
indicated kv - e 298.

Integrity = - ~..:n 600 includes software which
serves as o - aurdty processor 602 and lateral
integrity pros: - ... Vertical integrity processor 602 is
intended to + ygrtical integrity limit value, VIL,
associated wr... - . - 4 deviation between (1) the aircraft
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position derived from the DGPS solution using the differ-
ential correction information transmutted from the ground
station, and (11) a designated glide path. Lateral integrity
block 602 is intended to calculate a lateral integrity limit
value, LIL, associated with the lateral deviation between (1)
the aircraft position derived from the DGPS solution using
the differential correction information transmitted {from the
ground station, and (i1) a designated glide path. The vertical
integrity value is intended to indicate the degree of trust of
the vertical deviation with a selected probability of being
valid, and a lateral integrity value 1s intended to indicate the
degree of trust of the lateral deviation with a selected
probability of being valid. These probabilities range from
[1-10°] to [1-107].

Airborne DGPS signal receiver 252, illustrated in FIG. 6,
like that illustrated in FIG. 2, includes pseudo range correc-
tion processing (not shown) responsive to the differential
correction values as outputs on data line 296 {from airborne
differential correction information receiver 290'. In turn, as
before, airborne DGPS signal receiver 252 includes a means
for determining the aircraft position A(Xx,y,z) and position
solution matrix S.zp, indicated by numerals 654 and 635,
respectively.

Runway lateral-vertical transformation processing means
610 is intended to provide the following transformation from
Secer 10 Sgpry having the form:

where 1, 1, v, and { represent runway, lateral, vertical, and
time, respectively. This transformation is commonly known
in the art and 1s the basis for describing the lateral and
vertical deviation between the DGPS derived position of the
aircraft and the designated glide path.

Airborne integrity processing means 600 further includes
a comparator 606 for comparing the vertical integrity limit
value output VIL of the vertical integrity processing means
602 with a predetermined maximum vertical integrity limit
value identified as VIL[MAX]. Similarly, comparator 608
compares the lateral integrity value output LiL, of the lateral
integrity processing means 604 with a predetermined maxi-
mum lateral integrity limit value identified as LIL[MAX]. In
turn, these comparators 606 and 608 may provide alarm
indicators 625 and 635, respectively. These alarm indicators
ay be used to audibly or visually alert a pilot, or alert other
flight management subsystems (for example, navigation
guidance control block 690) for forcibly determining rec-
ognition that the differential correction values and the integ-
rity associated therewith are beyond specified limits for
executing a DGPS driven landing.

In the embodiement of the invention, IOD changes must
be handled correctly to assure that the detection thresholds
arc not triggered by such events. This can be done by letting
GPS signal receiver 100 provides double sets of satellite
positions and the difference in the satellite differential cor-
rections using ephemeris data at old and new times.

When all receivers (block 100) have received the ricw
ephemeris, a timer is set to inittate the switch to the rew
ephemeris instantaneously in all K receivers. i ’zc timer 1s set
long enough to assure that the airborne user’'s GPS signal
receivers have the new ephemeris available. Utilization of
this technique assures that the monitoring scheme described
above 1s realizable.

The following mathematical analysis 1s 10t ..i2d to pro-
vide the reader a further understanding o: ite integrity
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monitoring system S00 in accordance with the present
invention.

First, 1t should be noted that each receiver-satellite-spe-
cific differential correction may contain a noise value “w™*,
where k represents the specific receiver. Then:

CH=C{true pw

where k=1 through K total receivers, except for the difler-
ential correction of a malfunctioning receiver “m” with an
ofiset € described by:

Cm=C true W™ e

In order to detect a maltunctioning receiver result, the
average value of all of the satellite-specific differential
correction values for all receivers is first established by
satellite-specific differential correction average processing
means 430. The satellite-specific differential correction aver-
age may be mathematically expressed by:

o R
K k=1

where C™* is the receiver-satellite-specific differential cor-
rection value at the common synchronization time, namely
the output of measurement time synchronization processing
block 420.

A discriminant may be chosen as a function of the
satellite-specific differential correction average value as
follows:

Zﬂ,k:Cn,k_E n k

for each of the K receivers and N satellite vehicles.

In order to meet FAA requirements, it 1s mandatory or
assumed that the discriminant be less than a detection
threshold value DT which 1s determined as a function of a
sclected false detection rate p,, as follows:

D
Od

2
00 [
2 T 4t
P =20 ( ) = J. e dt
\I 21 D/cy

Defining Q™ as the inverse of Q then:
D =0c,0" ( “"*"-—pf ) ,

for example if the chosen false detection rate of 107/
sample, then

p=10"=>DT=44¢,,

where 0, represents the 1-sigma standard deviation of the
discriminant Z™, which is determined by statistical integrity
discriminant value processing block 520. One simple imple-
mentation for statistical integrity discriminant value proces-
sor 520 is collecting receiver-satellite-specific discriminant
values Z™*, the output of integrity discriminant value pro-
cessor 540, at a selected sample rate and over a selected time
interval, and subsequently determining the 1-sigma standard
deviation of the samples. In essence, each of these receiver-
satellite-specific 1-sigma values is thereby related to acqui-
sition of the corresponding satellite information signal trans-
mitted from the same satellite vehicle (n) by the same GPS

10

13

20

25

30

35

40

45

50

35

60

65

16

signal receiver system (k) for a sufficient time to assess the
quality of the specific receiver with respect to a specific
satellite information signal.

Detection and identification of a malfunctioning receiver-
satellite combination is determined by comparator 546
whenever:

12 DTk

and comparator provides the indication of those combina-
tions which produce results which fail the comparison, as
identified by Fail[n.k].

It should be noted that associated with each of the
discriminant values Z™* is noise. Noise in the integrity
discriminant value Z™* associated with a malfunctioning
receiver “m’ may be described as a function of the noise in
each diiferential correction value associated with a particular
receiver by:

From the above expression, it follows that the square of the
1-sigma discriminant standard deviation may be related to
the square of the 1-sigma vanation in the receiver noise as
follows:

2 2

(o™ = ( A ) (G2 + ( = )

The standard deviation of the noise as mathematically
described above 1s very useful for determining satellite-
specific parameters descriptive of the accuracy of each of the
satellite differential correction values determined by the
ground station in accordance with the present invention,
more specifically, the satellite-specific differential correction
average values C”.

One such parameter 1s commonly referred to as the UDRE
(User Diiferential Rate Error@99.5% performance) which
describes accuracy under fail free conditions by the follow-
ing exemplary mathematical relationship:

N —

k#m K (Gmwk)z

1

\Nk_1

UDREM =30~ o7 = 3.0

s
k K
o\

where ¢,~* is the 1-sigma standard deviation discriminant
value evaluated for the satellite specific value of Z™* for all
K receivers and for all N satellites where the observations
are desirably taken over at least 24 hours of operation.

An enhanced approach in accordance with the present
invention is the determination of the receiver-satellite-spe-
cific 1-sigma values ¢, profiled for satellite elevation and
azimuth angles. In other words, a table of “receiver-specific
look-up table” may be established for all of the satellites
based on their elevation and azimuth angles relative to the
GPS signal receiver (being substantially the same for those
111 close proximity to the runway). The look-up table may be
determined by a variety of techniques—for example, sam-
pling the discriminant values as before, but also identifying
the elevation and azimuth angles at the time of the sample.
This approach enhances the validity of the ground station
satellite-specific differential correction integrity information
more fully descrnibed below.

‘Therefore, in the exposition which follows. the value for

6,* may be assumed to be cither the usual receiver-

— oft*, and

G:f"k
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satellite-specific standard deviation value, or alternatively
that which is evaluated particularly for satellite-specific
elevation/azimuth position.

As indicated earlier, an airborne flight control system
requires a DGPS aircraft position to be highly accurate with
several integrity requirements. More particularly, any errors
in the lateral and vertical deviation between the aircraft
position and a prescribed flight path is of paramount impor-
tance for success of DGPS driven precision landings. The
following mathematical description sets forth ground station
integrity parameters in accordance with the present imven-
tion, and is intended for employment in an airborne DGPS
integrity monitoring system. The airborne integrity moni-
toring system is intended to provide a pilot an indication
when the overall integrity of the DGPS ground station 1s
sufficient to rely upon a DGPS driven landing which meets
those requirements for CAI-I landing as required by the
FAA.

It should be noted that at detection the following holds

true:
o= zmm =KL ppamy L 3
B - K K rim
which may be rearranged as follows:
(€ + W) = — (&DTIm) 4 > wik
T K-1 K-1  tim

which represents the noise and error in a malfunctioning
receiver “m’” as a function of the detection threshold value
DT and the noise in non-malfunctioning receivers.

Since the integrity of the system is dependent on the
differential correction average value C, it is important to
evaluate the worst case error in this value as mathematically
described by:

1 (D) + 1 K 1
K —1 K—1 -

e = (D7) + Wriail

where K is the number of operative ground station GPS
signal receivers, and w,,; is the noise in each averaged
differential correction value under a failure condition math-
ematically expressed by:

] K

X
\ (k- 1y 2 (@)

Gfan - Y

Assuming a normal distribution function in non-maltunc-
tioning satellites, the worst case noise in the satellite-specific
differential correction average value C may also be math-
ematically expressed as a function of the noise in each

satellite measurement G,
T
oy"=\| — I (o}")?
: AR

Finally a weighted value of the detection threshold 18 chosen
to be:

1

1 D™

Dfnﬂﬂ =

In one embodiment of the present invention, the ground
station differential correction integrity information process-
ing 550 is configured to provide as outputs:
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Dy Op™s and ©,".

Now considering an airborne DGPS flight control system,
it should be understood that a DGPS driven flight control
system makes use of the position solution matrix Sgcgr
output (related to the line of sight measurement matnx,
sometimes referred to as the H matrix) provided by the
DGPS signal receiver 252, but which is transformed into a
position solution matrix expressed in terms of a “runway-
lateral-vertical coordinate reference frame”, identified as
S.;v This latter matrix, is identified by numeral 611, the
output of block 610 in FIG. 6. The matrix elements have
following form:

where S, represents the least squares position solution
matrix in the runway-lateral-vertical coordinate reference
frame by application of a transformation of the position

solution matrix S ECEF: It should be noted that the position
solution matrix is in the form of 4xXN matrix, where one of
the rows, identified as row “L” represent the lateral coefii-
cients, and another row identified as row “V" represent the
vertical coefficients, the other two rows being associated
with runway direction, and time.

Referring again to FIG. 6, it is the purpose of vertical
integrity processor 602 to evaluate the vertical integrity limit
value for the “j th” satellite as mathematically described by:

VIL = sv/DTq + 6307 (Prua)

where

N
(oy)* = E (sv)2(0)2 + (0] + (sv)2 (Gl + (Olp)*] + (OFTE_v)?
n+#j

where the value G,  represents the 1-sigma standard
deviation of the “Flight Technical Error” in the vertical
direction. This value is, of course, weather and airplane
dependent, and typically is an empirically determined value.
This assumes the ¢,”* is the same for all receivers, namely
G,

Alternatively, an actual FTE__V value may be observed in
real time by empirical measurements as opposed to the
1-siema value. In this case, the FTE _V value would be
eliminated from the just recited expression and added to the
preceding expression for VIL/,

Similarly, lateral integrity processor 604 is intended to
evaluate the lateral integrity limit value for the j th satellite

as mathematically described by:

LIL =4r D_Jfa:! + O, Qﬂ_f(pmd)

where,

N
(or)* = E (st21(G + (002} + (s/)(Glyip)* + (O] + (OrrE_LY
n#f

where the value G , represents the l-sigma standard
deviation of the Flight Technical Error in the lateral direc-
tion. It too may alternatively be eliminated from the just
recited expression, and the observed value FTE L added to
the preceding expression for LIL/.

Although not mathematically expressed herein, 1t should
be recognized that the integrity of the resultant runway
direction or heading (RIL) may be calculated as well in a
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similar manner and it’s impact related to the VIL and the
desired glide path angle.

In one embodiment of the invention, vertical integrity
processor 602 is operative for providing as an output the
vertical integrity limit value (VIL) maximum of any of the
tracked satellite at the current landing system sample time.
In turn, this value may be compared with a selected maxi-
mum VIL[MAX]} by comparator 606. Similarly, lateral
integrity processor 604 is operative for providing as an
output the lateral integrity limit value (LIL) maximum of
any of the tracked satellite at the current landing system
sample time. In turn, this value may be compared with a
selected maximum LIL[MAX] by comparator 608. In turn,
whenever either comparators 606 or 608 detects that either
the venial or lateral integrity values exceeded their respec-
tive maximum threshold value, comparators 606 and 608
output a selected alarm signal for subsequent system process
to notify flight management systems or the pilot directly of
the alarm situation in order for corrective action to be taken.

It should be recognized that the schematic block diagrams
particularly illustrated in the accompanying Figures may be
configured by employment of many electronic subsystems,
computers, and software/firmware implementations, all of
which are intended to be within the true spirit and scope of
the present invention. In particular the processing means and
or designated blocks are intended to perform the indicated
functions and/or calculations.

With reference to FIG. 3, it should be noted that differ-
ential correction processing means 300 is illustrated as
recetving as inputs the measurement information from the
plurality of GPS receivers 100A-C. However, it is within the
scope of the present invention that the differential correction
processing means 210 may be incorporated as part of the
GPS receiver, itself. In this situation, the differential correc-
tion processing means 300 would perform the remaining
functions as illustrated in FIG. 4 except for the raw differ-
ential correction. It should be understood by those skilled in
the art the location of the processing function is a matter of
design choice, all of which are intended to be within the
scope of the present invention.

Similarly, ground station integrity information processing
means 330 may alternatively be on the DGPS airborne
system 1llustrated in FIG. 6. In this situation, the ground
station 1S operative to transmit the information necessary to
obtain the needed satellite-specific integrity information. For
example, only the satellite-specific statistical values and the
number of operative receivers is what is required to obtain
the necessary integrity information as indicated by the above
mathematical analysis.

Selected discriminant and algorithms have been described
herein for obtaining integrity information associated with
the satellite-specific differential correction values. Others, of
course, may be applied without departing from the true spirit
and scope of the present invention, namely, the method of
obtaining mntegrity information for a landing system where
Integrity information is associated with a satellite-specific
differential correction value derived by averaging the satel-
lite-specific differential correction value determined by a
plurality of DGPS receivers.

Lastly, particular vertical and lateral integrity limit values
have been shown with regard to a particular runway later
vertical transformation matrix. However, other such trans-
formations and coordinate systems are intended to be within
the true spirit and scope of the present invention.

The embodiments of an invention in which an exclusive
property or right 1s claimed are defined as follows:

1. A differential satellite positioning system ground sta-
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tion for determining GPS differential correction information
with integrity monitoring, said differential satellite position-
ing system ground station comprising:

a plurality of GPS signal receivers, each at a known
geocentric position, each operative for receiving a
satellite-specific information signal transmitted from
each of selected ones of a plurality of satellite vehicles,
and each operative for deriving, from each of said
received satellite-specific information signals from said
satellite vehicles, receiver-satellite-specific GPS signal
information:

first differential correction processing means for deriving
receiver-satellite-specific GPS differential correction
information associated with each of said satellite-spe-
cific information signals, where said receiver-satellite
specific differential correction information is a function
of said receiver-satellite-specific GPS signal informa-
tion determined by a specific one of said GPS signal |
receivers and said known position of said GPS signal
receivers for the same one of said GPS signal receivers;

second differential correction processing means operative
for determining satellite-specific GPS differential cor-
rection information, associated with each of said sat-
ellite-specific information signals, as a function of said
recerver-satellite-specific GPS differential correction
information determined by more than one of said
plurality of GPS signal receivers and associated with
the same one of said satellite-specific information sig-
nats;

ground station integrity monitoring means for determin-
ing satellite-specific integrity information associated
with each of said satellite-specific information signals,
as a function of said receiver-satellite-specific GPS
differential correction information and said satellite-
specific GPS differential correction information, where
said satellite-specific integrity information is descrip-
tive of the integrity of said satellite-specific GPS dif-
ferential correction information.

2. The differential satellite positioning system ground

station of claim 1 wherein:

said first differential correction processing means is
operative for determining a receiver-satellite-specific
GPS differential correction value, associated with each
of said satellite-specific information signals and each of
said plurality GPS signal receivers, as a function of said
receiver-satellite-specific GPS signal information, and
said known position of the corresponding one of said
plurality of GPS signal receivers;

said second differential correction processing means
includes means for providing a satellite-specific statis-
tical GPS differential correction value, associated with
each of said received satellite-specific information sig-
nals, as an average of said receiver-satellite-specific
differential correction values associated with the same
satellite information signal and derived from said
receiver-satellite-specific GPS signal information from
more than one of said plurality of GPS signal receivers;
and

said ground station integrity monitoring means includes,
discriminator means operative for determining, for
each of said receiver-satellite-specific GPS differen-

tial correction values, a receiver-satellite-specific
integrity discriminant value as a selected function of
corresponding ones of said satellite-specific statisti-
cal GPS differential correction values and said

recerver-satellite-specific differential correction val-
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ues associated with the same satellite-specific infor-

mation signal and corresponding one of said plurality
of GPS signal receivers,

a statistical value processing means operative for deter-
mining a receiver-satellite-specific statistical value
associated with each of said receiver-satellite-spe-
cific integrity discriminant values, as a function of
corresponding ones of said receiver-satellite-specific
integrity discriminant values, and which is descrip-
tive of the behavior of said receiver-satellite-specific
integrity discriminant values sampled over a selected
time period.

3. The differential satellite positioning system ground
station of claim 2 wherein said ground station integnty
monitoring means determines said satellite-specific integrity
information as a function of said receiver-satellite-specific
statistical integrity discriminant values associated with more
than one of said plurality of GPS signal receivers and
associated with the same one of said satellite-specific infor-
mation signals.

4. The differential satellite positioning system ground
station of claim 2 wherein said integrity monitoring means
further includes deselecting means for identifying those of
said receiver-satellite-specific integrity discriminant values
which exceed a selected detection threshold.

5. The differential satellite positioning system ground
station of claim 4 wherein said deselecting monitoring
means includes:

means for determining a detection threshold value as a
function of said receiver-satellite-specific statistical
integrity discriminate values; and
comparator means for comparing each of said integrity

discriminate values with said detection threshold value,
and providing an identification of which receive-satei-
lite-specific ones of said receiver-satellite-specific dis-
criminant values exceeds said detection threshold
value.

6. The differential satellite positioning system ground
station of claim 1 further comprising means for communi-
cating said satellite-specific differential correction informa-
tion and corresponding satellite-specific integrity informa-
tion to a remote differential satellite positioning system user.

7. The differential satellite positioning system ground
station of claim I wherein said differential correction pro-
cessing means includes means for determining said receiver-
satellite-specific differential correction values synchronized
to a common measurement time and with receiver-specific
clock bias removed.

8. The differential satellite positioning system ground

station of claim 5 wherein each of said satellite-specific
differential correction values is a function of said receiver-
satellite-specific differential correction values excluding
those receiver-satellite-specific ones having corresponding

receiver-satellite-specific discriminant values which were .

identified by said comparator means.
9. A differential satellite positioning system comprising:
ground station for determining GPS differential correction
information, with integrity monitoring including,

a plurality of GPS signal receivers, each at a known
geocentric position, each operative for receiving a
satellite-specific information signal transmitted from
each of selected ones of a plurality of satellite
vehicles, and each operative for deriving, from each
of said received satellite-specific information signals
from said satellite vehicles, receiver-satellite-spe-
cific GPS signal information;

first differential correction processing means for deriv-
ing receiver-satellite-specific GPS differential cor-
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rection information associated with each of said

satellite-specific information signals, where said

receiver-satellite  specific differential correction
information is a function of said receiver-satellite-

specific GPS signal information determined by a

specific one of said GPS signal receivers and said

known position of said GPS signal receivers for the
same one of said GPS signal receivers;
second differential correction processing means opera-
tive for determining satellite-specific GPS differen-
tial correction information, associated with each of
said satellite-specific information signals, as a func-
tion of said receiver-satellite-specific GPS differen-
tial correction information determined by more than
one of said plurality of GPS signal receivers and
associated with the same one of said satellite-specific
information signals;
ground station integrity monitoring means for deter-
mining satellite-specific integrity information asso-
ciated with each of said satellite-specific information
signals, as a function of said receiver-satellite-spe-
cific GPS differential correction information and said
satellite-specific GPS differential correction infor-
mation, where said satellite-specific integrity infor-
mation is descriptive of the integrity of said satellite-
specific GPS differential correction information
means for transmitting said satellite-specific differen-
t1al correction information and said satellite-specific
integrity information to a remote differential satellite
positioning system; and
a remote differential satellite positioning syste
ing,
means for receiving said satellite-specific differential
correction information and said satellite-specific
integrity information,
GPS signal receiver operative for (1) receiving a satel-
_ lite-specific information signal transmitted from
each of selected ones of a plurality of satellite
vehicles, and operative for deriving from each of
said satellite-specific information signals from said
satellite vehicles user-satellite-specific GPS signal
information,(ii) deriving the user-position of said
remote GPS signal receiver as a function of said
user-satellite-specific GPS signal information cor-
rected by said satellite-specific GPS difterential cor-
rection information, and (ii1) determining a position
solution matrix representative of the line of sight
vectors between the derived user-position and each
of said satellite vehicles, and
integrity monitoring means for determining the integ-
rity of said user position as a function of said position
solution matrix and said satellite-specific integrity
information.

10. A differential satellite positioning system -ground
station for determining satellite-specific GPS differential
correction information with corresponding satellite-specific
integrity information, said differential satellite positioning
system ground station comprising;:

a plurality of GPS signal receivers, each at a known
geocentric position, each operative for receiving a
satellite-specific information signal transmitted from
each of selected ones of a plurality of satellite vehicles,
and each operative for deriving, from each of said
received satellite-specific information signals from said
satellite vehicles, receiver-satellite-specific GPS signal
information;

differential correction processing means for separately
deriving a receiver-satellite-specific GPS differential

1 includ-
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correction value for each GPS signal receiver, and detection threshold value, and the number of operating
associated with each of said satellite-specific informa- GPS signal receivers.
tion signals, as a function of said receiver-satellite- 11. The differential satellite positioning system ground
specific GPS signal information determined by each of station of claim 10 where said receiver-satellite-specific
said plurality of GPS signal receivers; s statistical value is descriptive of the behavior of said

receiver-satellite-specific  integrity discriminant values
sampied over a selected time period.

12. A differential satellite positioning system ground
station for determining GPS differential correction informa-
tion with integrity monitoring, said differential satellite
positioning system ground station comprising:

means for determining a satellite-specific GPS differential
correction value, associated with each of said satellite-
specific information signals, as an averaging function
of said receiver-satellite-specific GPS differential cor-
rection values determined by more than one of said !¢
plurality of GPS signal receivers and associated with

the same one of said satellite-specific information sig- d plurality.of GPS signal receivers_;, each at a_k_nown
nals; geocentric position, each operative for receiving a
discriminator means for determining a receiver-satellite- satellite-specilic intormation signal transmitted Irom
15 each of selected ones of a plurality of satellite vehicles,

specific discriminant value associated with each satel-
lite-specific information signal and specific one of said
GPS signal receivers, where each receiver-satellite-
specific discriminant value 1s a function of the differ-

ence between corresponding ones of said receiver- | | _ | o
satellite-specific GPS differential correction value and 2  differential correction processing means for determining a

and each operative for deriving from each of said
received satellite-specific information signals from said
satellite vehicles receiver-satellite-specific GPS signal
information;

said satellite-specific GPS differential correction value receiver-satellite-specific differential correction value
associated with the same one of said satellite-specific associated with each of said selected satellite informa-
information signals and specific one of said GPS signal tion signals;
TECE1Vers averaging means for determining a satellite-specific aver-

statistical value processing means for determining a = age value of said receiver-satellite-specific differential
receiver-satellite-specific statistical value descriptive of correction values associated with a mutually exclusive
the corresponding behavior of each of said receiver- one of said satellite information signals;
satellite-specific discriminant values discriminator means responsive to receiver-satellite-spe-

detection threshold processing means operative for cal- 3 cific differential correction values and said satellite-
culating at least a satellite-specific detection threshold specific differential correction average values for deter-
value as a function of a selected false detection prob- mining a recerver-satellite-specific discriminant value;
ability and corresponding receiver-satellite-specific sta- means for determintng a statistical value representative of
tistical value; and the behavior of said discriminant values; and

ground station integrity monitoring means for determin- 35 integrity monitoring means responsive to said discrimi-
ing satellite-specific integrity information, associated nant values and said statistical values for deriving
with each of said satellite-specific information signals selected integrity information as one or more selected
and corresponding satellite-specific GPS differential functions thereof.

correction values, as a function of satd receiver-satel-
lite-specific statistical value, said satellite-specific | ko ko ok k%



	Front Page
	Drawings
	Specification
	Claims

